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INTRODUCTION
External sulphate attack (ESA) is a complex degradation process affected by multiple variables related to the transport process of sulphate ions, material reactivity and mechanical and geometrical properties of the element under attack (Skalny J.P., 2001 , Neville A., 2004 . Despite its complexity, most codes of practice assess this phenomenon by solely considering the severity of the exposure conditions (e.g. Model Code 2010, BS 8500-1:2006 , ACI 201.2R-08, UNE EN 206-1:2008 . Based on that, codes prescribe limits for maximum water/cement ratio, minimum cement content and compressive strength and recommendations on the type of cement. The reasoning behind these recommendations is to obtain a dense, workable concrete with low reactivity to sulphates able to withstand the internal stresses caused by the expansions.
The appropriate type of cement is selected on the basis of its chemical constituents, in particular the C3A content. Therefore, according to the design codes it seems that the reactivity of the material is defined by the aluminate content in the cement. However, common sense suggests that it is the aluminate content per unit volume of concrete what determines the reactivity, which is strongly influenced by the cement content. Concrete with a high content of sulphate-resisting cement for example, could potentially concentrate more aluminate than concrete with a lower content of non sulphate-resisting cement. Therefore, an assessment based solely on the aluminate content in the cement might lead to imprecise outcomes that might compromise the security of the structure.
Due to the interaction of several chemical agents, many practitioners perceive the ESA as an entirely chemical attack. This view is supported by structural codes since most of the recommendations included are focussed on reducing the penetration of sulphates or the reactivity of the material. However, unlike internal degradation processes, the region directly affected by sulphate penetration is usually restricted to a few centimetres close to the external surface. The sound region, which in most real structures constitutes a larger area, contributes to reduce the damage caused by the attack due to equilibrium and compatibility with the damaged area. In this context, it seems inaccurate to classify ESA as an entirely chemical phenomenon. Despite structural codes must contain simplified approaches, ignore the mechanical contribution might lead to unnecessary penalizing measures in some situations. This paper uses a simplified analytical model to evaluate the influence of cement content and the geometrical characteristics of the element on the stresses generated by ESA. The structural integrity of the elements is verified considering a life span of 50 years and three possible failure modes. A full parametric analysis is performed considering different sizes of piles (between 20 and 120 cm diameter) and cement contents (between 260 and 400 kg/m 3 ). The influence of diameter and cement content is assessed for cements with different aluminate contents.
SIMPLIFIED METHODOLOGY
The methodology is based on the application of a set of simplified equations to assess the extent of the reactive-transport process and the possible mechanical structural failure at a given service life. Figure 1 depicts a schematic outline of the methodology for pile structures with a service life of 50 years. The assessment takes into account the severity of the exposure conditions, the reactivity of the material and the geometric characteristics of the element under attack. An in-depth description of the derivation process of the equations presented in Figure 1 is available in (Ikumi T., 2016) .
Simplified reactive-transport equations
Eq. 1 describes the analytical expression to estimate the penetration of sulphate ions. To simplify the mathematical representation of the transport process, only the penetration of sulphate ions by a concentration gradient and its depletion due to ettringite formation is considered. It is assumed that the system is saturated and all pores are accessible. The initial diffusivity ( 0 ) is introduced in m 2 /s, whereas the aluminate content ( ) is expressed in mol per cubic meter of concrete. The sulphate content ( ) is expressed in mol of sulphate per cubic meter of water. As this equation is deduced from the model described by (Ikumi T., 2014) , sulphate consumption, acceleration of the penetration due to cracking and decrease of diffusivity due to pore filling are indirectly considered.
Maximum expansions developed are estimated by Eq. 2. It is assumed that the expansion mechanism associated to the ESA is based on the additional volume generated by the ettringite formation (Tixier R., 2003) . The increase of volume (∆ / ) is calculated by the stoichiometric constant of the reaction. This calculation gives a 55% volume increase when monosulphate is converted into ettringite (Clifton JR., 1994) . The term / corresponds to the molar volume of monosulphate and 4 ̅ 12 refers to the amount of monosulphate reacted (expressed as a molar concentration). Maximum expansive strain is calculated by assuming that all monosulphate reacts to form ettringite. In the second term of Eq. 2, 0 corresponds to the initial porosity of the matrix and is the fraction of this porosity that may be filled by expansive products before expansions occur. To simplify the structural consideration, it is assumed that the whole penetrated region estimated by Eq. 1 is affected by the same expansions.
Simplified mechanical equations
Expansions developed at the micro-structural level estimated by Eqs. 1 and 2 are translated to the macro-scale by taking into account the mechanical properties and geometric characteristics of the element under attack. By this way, it is possible to consider the positive contribution of the sound fraction of the section and assess the most common failure modes associated to ESA. Although expansion due to ettringite formation is concentrated in the superficial layers, strains also appear in the sound core of the element to ensure compatibility. In fact, the sound core acts as a restriction that reduces the expansion calculated with Eq. 2. An auto-balanced tension state is generated, leading to possible mechanical failures outside the zone directly affected by the sulphate penetration. Three failures modes are distinguished; tensile failure of the sound core, shear failure and tensile failure in the boundary between the surficial layers and the sound core. The compressive stresses generated in the external layers are not considered as a failure mode. However, these are considered indirectly in the simplified transport equations by a degradation of the elastic modulus in the affected region (Ikumi T., 2016) . Figure 1 includes the final expressions for the assessment of the three failure modes in piles under symmetric exposure conditions (Eqs. 3-6) and the stress distribution for each case. If no mechanical failure occurs and the serviceability is not compromised, it is considered that the structure will comply with the required service life.
SENSITIVITY ANALYSIS
A total of 100 simulations were carried out to assess the influence of the cement content and pile diameter on the risk of mechanical failure associated to ESA for different C3A contents. All combinations between parameters and values included in Table 1 are analysed. The sulphate concentration was fixed at 3 g/l, which corresponds to a highly aggressive exposure class according to the European Standard EN 206-1. Initial diffusivity and the buffer capacity of the matrix are 10 -12 m 2 /s and 0.10, respectively. Possible alterations on the transport process caused by different cement contents are not taken into account. The length of the structural element is fixed at 5 m, which is above the critical length for the assessment of the tangential stresses (Ikumi T., 2016) . This means that the results derived from the parametric study also apply to larger elements. The compressive strength and the elastic modulus of concrete are fixed at 30 MPa and 28000 MPa, respectively. The elastic modulus was considered the same at the sound core and at the superficial layers affected by ESA. This consideration is on the safe side since it provides higher internal stresses (Eqs. 3-6). The tensile strength of the material is approximated through the formulation included in the Model Code. The shear strength is set at 7.1 MPa based on the formulation proposed by (Kaneko Y., 2004) . Figure 2 shows the influence of cement content on the stresses developed for different aluminate contents and pile diameters. To ease the interpretation of the graphs, the different failure modes are represented as the ratio between the stress and its corresponding strength. Failure occurs when the ratio become bigger than 1. As expected, an increase of the cement content resulted in an increase of the risk of failure for all C3A contents considered. The stresses generated corresponding to the main failure mode (shear) in piles of Ø120 cm with 5 % C3A increase from 0 to 12% of the shear strength of the material when the cement content increases from 260 to 400 kg/m 3 . The influence of cement content becomes more significant in cements with high C3A contents. In compositions with C3A contents above 7.4 %, the shear stresses generated increase from values ranging between 10 -43 % of the shear strength of the material to failure.
Results for other pile sizes indicate that the influence of the cement content on the stress level also increases with the decrease of the diameter. The stresses developed in piles of Ø20 cm with a 5% C3A cement might vary from null to 55 % of the strength of the material depending on the cement content selected. This large range of variation might lead to unexpected outcomes in some situations. Figure 2d highlights the fact that elements using a sulphate-resisting cement might develop higher stresses than elements with non sulphateresisting cement if the cement content is not specified (shaded region). Interestingly, the predominant failure mode predicted also depends on the size of the element. Large diameters seem to promote the delamination of the external layers due to the shear stresses in the boundary of the sound and affected regions. On the other hand, for smaller diameters tensile failure in the core might be the critical failure mode. This could explain the low amount of ESA-related collapses in field conditions. Most of the structures exposed to ESA are large elements such as foundations, waste containers or tunnels, which might tolerate the spalling of the external layers without compromising the overall performance of the structure. 
CONCLUSION
A direct and straightforward methodology is used to analyse the effects of cement content and size on the durability of piles exposed to ESA. The following conclusions may be derived from this study:
 The limitation of the C3A content in the cement included in most structural codes may lead to a wide variety of outcomes depending on the cement content considered.
 Results highlight the influence of the pile diameter on the assessment of the damage induced by ESA and the predominant failure mode expected. Results indicate that spalling of the external layers might be the main failure mode in large elements. However, for slender elements, tensile failure in the core might occur prior to delamination.
 Both the cement content and the size of the element should be considered in the assessment of the durability of piles exposed to ESA. The limitation of aluminate content included in the codes should be referred to as the C3A content per unit volume of concrete.
